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Human dermal fibroblasts support the development of human 
primordial/primary follicles in a 3-dimensional alginate matrix 
culture system
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Background: Alginate matrix 3-dimensional culture offers the opportunity for the development and 
maturation of human secondary follicles in vitro. However, alginate may not be the most suitable culture 
system for human primordial/primary follicles in vitro. Thus, the innovation of alginate matrix 3-dimensional 
culture systems for human primordial/primary follicles could hold promise as an ideal approach to restoring 
fertility.
Methods: We extracted primordial/primary follicles from ovarian tissues collected from patients with non-
ovarian benign gynecological conditions. Fibroblasts were isolated from dermal tissue from 1 male patient 
who had undergone posthectomy. The isolated human follicles were randomly divided into 2 groups and 
encapsulated within fibroblast-alginate-hydrogels or alginate hydrogels. The survival and growth of human 
primordial/primary follicles were measured after 21 days of in vitro culture.
Results: The dermal fibroblasts in alginate hydrogel microcapsules were round in shape, and were 
distributed as uniform clouds on the surface and gaps of the alginate. After 21 days of culture, the survival 
rate of follicles in the fibroblast-alginate group was higher than that of the alginate group (P<0.05). The 
diameter of follicles in the fibroblast-alginate group and the alginate group after 21 days of culture was 
152.80±13.64 and 129.14±9.95 μm, respectively (P<0.05). After 21-day culture, the mean cpm (log-converted) 
for 3H-thymidine incorporated by granulosa cells in the fibroblast-alginate and alginate groups was 6.87±0.24 
and 4.63±0.38, respectively (P<0.05). After 21 days of culture, the messenger RNA expression levels of 
growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) were significantly 
higher in oocytes in fibroblast-alginate hydrogels than in those in alginate hydrogels (P<0.05).
Conclusions: Human fibroblasts are beneficial to the development of human follicles in 3-dimensional 
culture alginate gel systems over a long period of time. More studies are required to investigate the molecular 
biological mechanisms of human fibroblasts that promote follicle growth in vitro.
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Introduction

Major advances in chemotherapy and radiotherapy have 
resulted in a marked improvement in the survival of young 
girls and women with cancer over the last decade (1). 
However, these treatments can put recipients at risk of 
losing their fertility (2,3). Ovarian cryopreservation and 
reimplantation studies in humans initially suggested the 
possibility of restoring follicular activity to some degree (4).  
However, ovarian tissue transplantation is associated 
with the risk of malignant disease transmission from 
cryopreserved tissue (5).

In recent years, the promise of in vitro growth of human 
pre-antral follicles as an option for safeguarding the fertility 
of cancer patients who face the risk of premature ovarian 
failure has been reported (6). To date, 2-dimensional system 
culture of isolated pre-antral human follicles has failed to 
yield adequate outcomes (7-11). However, recently, alginate 
hydrogel 3-dimensional (3D) systems have achieved success 
in the in vitro culture of pre-antral follicles from mice  
(12-16) and rats (17). Also, isolated bovine pre-antral follicles 
(after vitrification and warming) cultured using an alginate 
3D system have been shown to have higher viability and a 
higher rate of normal morphology (18). Novel tyramine-
based hyaluronan (HA) hydrogel is especially appealing as 
a 3D model for the cultivation of ovarian follicles, owing to 
its ability to encapsulate pre-antral follicles from mice with 
ease, together with its visible transparency, moldability, and 
contribution to follicular growth, estradiol secretion, and 
meiosis resumption (19). Non-human primate and human 
secondary follicles isolated from ovarian tissue have previously 
been successfully cultivated in calcium alginate hydrogels 
(20-24). Alginate has a strong affinity with water and, when 
calcium ions are present, is able to form gels under mild 
conditions; consequently, it is among the most commonly 
applied biomaterials for microencapsulation (25-29).  
However, alginate alone without well-defined signals (i.e., 
extracellular matrix or growth factors) does not interact 
with integrins of mammalian cells or regulate somatic cell 
growth and development (30,31), which is not conducive 
to the development of isolated human primordial/primary  
follicles (24). In a previous study, many putative local 
regulators (including extracellular matrix and cytokines) 
were secreted via autocrine and paracrine signaling between 
follicles and ovarian stromal cells, which appeared to 
influence the development of human primordial/primary 
follicles (6,32,33). For instance, growth differentiation factor 
9 (GDF9) and bone morphogenetic protein 15 (BMP15), 
which are secreted by oocytes, are believed to play critical 

synergistic roles in the proliferation and development of 
granulosa cells (24).

Therefore, the effective and safe supplementation of 
extracellular matrix and cytokines in alginate gel to simulate 
the development pattern of follicles in vivo is a crucial step 
in ameliorating the in vitro culture microenvironment of 
isolated human follicles. Recently, theca-interstitial cells 
(TICs) (34) and mouse embryonic fibroblasts (MEFs) (35) 
were used to enhance mouse follicle survival and growth in 
vitro, which can secrete extracellular matrix and cytokines in 
in vitro culture. These studies suggested that co-culture 3D 
systems may be beneficial for the development of follicles. 
As feeder cells, human dermal fibroblasts (HDFs) secrete 
extracellular matrix and cytokines, which have the effects 
of enriching the medium, adhering to the extracellular 
matrix, or interacting with membrane-bound proteins, thus 
supporting the successful development of human embryonic 
stem cells and embryos in vitro (36). In the present study, we 
primarily focused on exploring the distribution and viability 
of HDFs in alginate scaffold microcapsules, and also 
attempted to investigate the effects of fibroblasts in calcium 
alginate scaffold on human primordial/primary follicular 
growth and survival in vitro.

We present the following article in accordance with 
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-2125).

Methods

Human ovarian tissue collection

The present study was approved by the Ethics Committee 
of the First Maternity and Infant Hospital Affiliated to 
Tongji University (No. TJLAC-018-062). All procedures 
performed in this study involving human participants were 
in accordance with the Declaration of Helsinki (as revised 
in 2013). Strips of ovarian tissue were obtained from  
34 women (aged 23 to 37 years) with benign gynecological 
diseases by laparoscopic surgery or laparotomy. Dermal 
tissue was obtained from 1 male patient (aged 24 years) who 
had undergone posthectomy. Ovarian and dermal tissue 
specimens incubated with HEPES-buffered modified Eagle 
medium were placed on ice and sent to the laboratory. 
Written informed consent was obtained from every 
participant in the study.

Freezing/thawing of the ovarian tissues

The ovarian tissue strips were frozen following a method 
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detailed previously (37) with some modifications. Firstly, 
tissues were suspended in a tube containing 1 mL minimal 
essential medium (MEM), which was subsequently replaced 
with an identical quantity of cryoprotective solution with 
10% dimethyl sulfoxide (DMSO) Sigma, St Louis, MO, 
USA) and 2% human serum albumin (Sanquin, Amsterdam, 
the Netherlands) in MEM (Gibco) at 0 ℃. The cryotube 
was frozen using a programmable freezer according to the 
following steps: cooling from 0 to –8 ℃ (–2 ℃/minute), 
seeding via touching the cryovials with forceps pre-chilled 
with liquid nitrogen, cooling to –150 ℃ (–0.3 ℃/minute), 
and transfer to a liquid nitrogen tank. The ovarian tissue 
specimens were thawed by exposing the cryovials to room 
temperature for 2 minutes and immersing them in a water 
bath at 37 ℃ to completely melt the ice. The ovarian tissues 
were transferred to MEM-containing Petri dishes and 
subjected to washing 3 times to isolate follicles.

Ovarian follicle isolation

The isolation of follicles from ovarian tissue was performed 
using a procedure described in a previous study (38). 
Ovarian tissue was serially cut into small fragments 
measuring 1 mm in width using the McIlwain Tissue 
Chopper (The Mickle Laboratory, Guildford, UK). Then, 
we placed the fragments into 50-mL tubes with 0.07 mg/mL  
Liberase enzyme (Roche, Indianapolis, USA) and 20 U/mL  
DNA enzyme (Sigma-Aldrich Co. Carlsbad, CA, USA) 
before incubating the tubes in a water bath at 37 ℃ for  
1 hour. The tube contents were subjected to blowing and 
aspiration with Pasteur pipettes at 15-minute intervals. 
An equal volume of MEM (with 10% human serum 
albumin) and centrifugation at 50 g for 10 minutes at  
4 ℃ were used to terminate digestion. The pellets were 
transferred to culture dishes, and a stereomicroscope was 
used to investigate the follicles (Leica, Wetzlar, Germany). 
Dulbecco’s Phosphate-Buffered Saline (D-PBS) with 10% 
human serum albumin was used to wash the follicles after 
isolation.

Proliferation and isolation of HDFs

HDFs were isolated from skin specimens according to 
the previously described protocol (39). Briefly, samples of 
subcutaneous adipose tissue were removed and cut into 
2 mm × 2 mm strips using Dispase II (Roche, Penzberg, 
Germany). After the careful removal of the epidermal layer, 
the dermis was minced and subjected to 3 hours’ incubation 

under magnetic rotation with 0.1% collagenase I (Roche, 
Penzberg, Germany). A mesh stainless steel mesh filter (BD 
biosciences, Hamburg, Germany) was used to filter the 
mixture, after which the filtrate was centrifuged (10 minutes 
at 100 ×g) 3 times with Dulbecco’s Modified Eagle Medium 
(DMEM, 0.15% human serum albumin) for washing. 
A hemocytometer was employed for cell counting. Cell 
viability exceeded 95%, as determined by 0.5% Trypan Blue 
exclusion.

Fibroblasts were plated separately at 2×106/mL in a  
25-cm2 culture flask (Nunc Inc., Roskilde, Denmark) at  
37.0 ℃ in a humidified atmosphere of 5% CO2 in air. 
Medium changes were conducted at 2-day intervals until 
confluency had been reached, at which point, the cells were 
rinsed 2 times with phosphate-buffered saline (PBS) without 
Ca2+ and Mg2+. For fibroblast collection, cells were subjected 
to incubation in 0.02% trypsin PBS and ethylenediamine 
tetraacetate dihydrate (EDTA) at 37.0 ℃ for 2 to 4 minutes 
followed by centrifugation (10 minutes at 100 ×g) with 
DMEM 3 times for washing. The cell sediment was 
suspended in 1 ml of the frozen solution (10% DMSO10% 
FBS + 90% DMEM) in cryovials. The cryovials were placed 
on the surface of liquid nitrogen for 30 minutes, and then 
quickly put into liquid nitrogen. We thawed the cryovials 
by immersing them in a water bath at 37 ℃ for 3 minutes 
until all the ice had melted. Then, for washing, the frozen 
cell suspension was centrifuged (10 minutes at 100 ×g) with 
DMEM 3 times.

Embedding and in vitro culture of follicles

Follicles were randomly divided into the alginate group (AG) 
and the fibroblast-alginate group (FAG) (sodium alginate 
55–65% guluronic acid, FMC BioPolymers Philadelphia, 
PA). Culture was conducted using a procedure previously 
reported (24) with modifications, as follows: Isolated single 
follicles were transferred with a stripper tip to droplets 
(6 μL) of alginate hydrogel solution (1.5% w/v) or HDF 
alginate hydrogel solution [HDF concentration (5×104/mL)  
in 1.5% (w/v) alginate hydrogel]. The droplets were slowly 
released into a small beaker containing a CaCl2 (0.1 M) 
solution. Then, the beads in which the follicles were 
contained were removed from the beaker and subjected to  
3 washes with MEM.

We grew the follicles in 96-well plates (with 1 follicle 
per well) in 100 μL culture medium comprising MEM 
supplemented with 10% human serum albumin, 0.47 mM 
pyruvic acid (Sigma), 50 IU/mL penicillin (Sigma), and 50 
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mg/mL streptomycin sulfate (Sigma) with 5% CO2 at 37 ℃. 
The addition of insulin, transferrin, and selenium (ITS-G; 
Gibco) was also made to the medium (10 mg insulin/mL, 
5.5 mg transferrin/mL, and 6.7 ng sodium selenite/mL). 
At 2-day intervals, 50% of the culture media was replaced. 
All follicles were photographed with a Leica DM IL light 
microscope (Leica, Wetzlar, Germany) equipped with phase 
objectives, a heated stage, and a Spot Insight 2 Megapixel 
Color Mosaic camera and Spot software (Spot Diagnostic 
Instruments, Sterling Heights, MI, USA). After that, ImageJ 
(National Institutes of Health, USA) was used to measure 
the follicular diameter. Oocyte diameters were measured 
without zona pellucida.

Frozen sections and scanning electron microscopy of HDF-
alginate hydrogels

The beads in the FAG were coated with OCT (a water-
soluble polyethylene glycol and polyvinyl alcohol mixture) 
embedding medium for frozen head. The cold head was 
quickly put in a LEICA CM1950-type frozen section 
machine (Leica Mikrosysteme Vertrieb GmbH Leica 
Wetzlar, 35578 Germany), frozen on stage at –25 ℃ for 
3 minutes, and was frozen sections, cold dry, 10% neutral 
formaldehyde 40 seconds, hematoxylin-eosin (HE) staining, 
dehydration, cementing. Fibroblasts were observed under a 
microscope. The beads in the FAG were also fixed in 2.5% 
glutaraldehyde for 48 hours and dehydrated in gradient 
volume fractions of ethanol (0.70, 0.85, 0.95, and 1.00), 
which was followed by critical point drying and vacuum 
coating with pure gold. Fibroblast distribution was observed 
with an SM-T300 scanning electron microscope (SEM) 
(JEOL Technics Co., Ltd., Tokyo, Japan).

Detection of follicular activity

The viability of follicles was assessed as described  
previously (40). We subjected follicles to incubation in D-PBS 
containing 2 mmol/L calcein-AM and 5 mmol/L ethidium 
homodimer-I for 20 minutes at 37 ℃ in darkness. After 
washing in PBS, the follicles were examined using an inverted 
fluorescence microscope (DMIRB Leica Germany). In live 
cells, esterases cleave non-fluorescent cell-permeant calcein-
AM after its entry into the cell, resulting in the production of 
calcein, which is well retained in living cells and lends itself to 
an intense uniform green fluorescence (ex/em 495/515 nm).  
Ethidium homodimer-I binds to DNA with high affinity 
in cells with membrane damage, leading to a 40-fold 

enhancement in fluorescence and the production of bright 
red fluorescence (ex/em 495/635 nm) in dead cells.

3H-thymidine incorporation capability of granulosa cells

Culture medium was replaced with medium supplemented 
with 0.4-Ci methyl-3H-thymidine (PerkinElmer, Boston, 
USA; 1 μci/100 μL) per well. Sixteen hours later, 5 follicles 
isolated from the FAG or AG were collected for each 
replicate and subjected to 2 washes with D-PBS, followed 
by dissolvement in 10 mM EDTA. Next, a 3H-thymidine 
incorporation assay was performed.

Nested quantitative real-time PCR

Follicles were removed from the alginate beads using insulin 
gauge needles. Follicles were transferred to culture dishes 
with 0.04 mg/mL Liberase enzyme (Roche, Indianapolis, 
USA) for 15 minutes, and mechanical separation of individual 
oocytes was performed via repeated aspiration using a 
narrow-bore Pasteur pipette under a stereomicroscope 
(Leica, Wetzlar, Germany). The gene expression of BMP15 
and GDF9 in oocytes of FAG and AG were detected by 
Nested Quantitative Real-Time PCR assay as previously  
reported (41). Total RNA was extracted and reverse 
transcribed into complementary DNA, which was then 
amplified; finally, quantitative real-time PCR was carried 
out with Tagman probes (Shanghai Shinegene Molecular 
Biotechnology Co., Ltd.). Cycle threshold (CT) values 
indicating the quantity of the target gene in each sample were 
obtained, and target gene sequence determination was carried 
out in real time with the ABI Prism 7000 sequence detection 
system (Applied Biosystem, Foster City, CA). For each 
sample, the abundances of GDF9 and BMP15 messenger 
RNA (mRNA) were determined, with β-actin mRNA 
serving for normalization. For each sample, 3 replicates were 
performed, with the mean value taken for statistical analysis. 
Relative gene expressions were calculated according to the 
abundance ratio of each target gene to β-actin.

Statistical analysis

SPSS 11.5 (SPSS Inc.) was employed for all statistical 
analyses. Follicle viability was compared by performing 
the chi-square test. Follicular diameters were expressed as 
means ± standard deviations, with the paired-sample t-test 
applied for comparisons. The Mann-Whitney U test was 
used to compare BMP15 and GDF9 mRNA expression 
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Figure 1 Characterization of fibroblasts in alginate matrix. Light microscope: (A) ×50, (B) ×100, after encapsulation and culture, fibroblasts 
(FC) were round, uniform clouds on the surface and in the gaps of the alginate; scanning electron microscope: (C,D,E,F).

between the 2 groups. P<0.05 was indicative of a statistically 
significant difference.

Results

HDFs support the development of follicles in 3D culture 
system

The morphology of HDFs (5×104/mL) in the FAG was 

studied by HE staining and SEM (Figure 1A,B). Fibroblasts 
in the fibroblast-alginate matrices group were round in 
shape, and were distributed as uniform clouds on the 
surface and gaps in alginate matrices (Figure 1C,D,E,F). The 
viability of fibroblasts in alginate matrix after 21 days of 
culture is shown in Figure 2.

Follicles were randomly divided into the FAG (n=68) 
or AG (n=63), and were cultured for 21 days (Figure 3). 
Initially, the follicle diameter in the FAG and AG did not 
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show a significant difference (P>0.05). However, following 
21 days’ culture, follicles cultured in HDF-alginate matrices 
showed a significant increase in size compared to those 
cultured in alginate matrices, and the oocyte diameter in 
the FAG was significantly greater than that in the control 
group (Table 1). Follicle viability was assessed by calcein-
AM and ethidium homodimer-I in vitro culture, and the 
results are shown in Figure 4. After culture for 21 days, the 
survival rate of follicles in the FAG and AG was statistically 
significantly different (Figure 5). Alginate hydrogel with 
an HDF concentration of 5×104/mL effectively enhanced 
follicular survival.

Proliferation of human follicular somatic cells

A [3H]thymidine incorporation assay was performed to 
assess human follicular somatic cell proliferation in the FAG 
and AG after 21 days culture. Following the completion 
of culture, incorporation of [3H]thymidine by follicles 
was observed under all media conditions, which indicated 
the occurrence of DNA replication and consequential 
cell proliferation. Also, [3H]thymidine incorporation was 
significantly increased in follicles subjected to co-culture 
with fibroblasts in alginate matrices in comparison with 
follicles cultured without fibroblasts (Table 2).

The FAG had higher expression levels of GDF9 and 
BMP15 mRNA in oocytes

To establish whether the expression levels of growth-related 
factors could reflect human follicle development, the 

oocyte-specific markers GDF9 and BMP15 were examined 
using real-time PCR after 21 days’ culture, and comparisons 
were conducted between oocytes from the FAG and AG. 
After 21 days, the expressions of GDF9 and BMP15 mRNA 
in oocytes in the FAG were significantly higher than those 
in the AG (P<0.05) (Table 3).

Discussion

As far as we are aware, the present study is the first to 
evidence that human primordial/primary follicles can grow 
in HDF-alginate matrices after 21 days’ culture, which 
proves that HDFs in alginate matrix are a suitable support 
for in vitro long-term culture of isolated human primordial/
primary follicles.

The development of technologies to grow and mature 
oocytes from primordial/primary follicles holds much 
attraction for researchers studying fertility preservation (42). 
To date, researchers have created hydrogel encapsulation-
based follicle culture systems with biomaterials, including 
alginate, which can maintain the spherical structure and 
cell–cell interactions of the follicles (22). In our study, 
follicles in the FAG showed substantial growth during 
the 21-day culture period, reaching a mean size of  
150 μm. A previous study using an an alginate matrix 
culture system reported that follicles (34–51 μm) derived 
from cryopreserved tissue survived for 7 days and grew to  
44–70 μm (24). In the present study, the survival rate of 
primordial/primary follicles in the FAG was significantly 
higher than that of the control follicles after a relatively 
long culture period (21 days), showing that human 
foreskin fibroblasts had a significant effect on the survival 
of encapsulated follicles. When cultured within a 3D 
extracellular matrix such as collagen or fibrin, fibroblasts, 
as feeder cells, can secrete a richer, more complex 
extracellular matrix and cytokines, to influence other 
cellular functions in the in vitro culture environment (43). 
Various factors (including extracellular matrix, leukemia 
inhibitory factor (LIF), basic fibroblast growth factorb 
(FGF), kit ligand or stem cell factor, insulin-like growth 
factor, bone morphogenetic proteins, and activin A), which 
are secreted by fibroblasts, are critical in early follicle 
development (6). The results of the present study strongly 
suggest that extracellular matrix and cytokines secreted by 
fibroblasts in 3D alginate matrices may create a superior 
microenvironment for the growth of primordial/primary 
follicles. Therefore, unidirectional paracrine signaling from 
HDFs to follicles is seemingly the mechanism responsible 

Viability of fibroblasts

C
ul

tu
re

 ti
m

e

99.00%

21 days

14 days

7 days

0 days

98.00%97.00%96.00%95.00%94.00%

Figure 2 The viability of fibroblasts in alginate matrix in vitro 
after 21 days of culture. After 0, 7, 14, and 21 days of culture, the 
survival rate of fibroblasts in the fibroblast (FC)-alginate group did 
not show a statistically significant difference. P>0.05.
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FAG-1

FAG-2

FAG-3

AG-1

AG-2

AG-3

FC

Figure 3 Scale bar: 100 μm. Follicles in the fibroblast (FC)-alginate group (FAG). Follicles in the alginate group (AG). FAG-1 and AG-1 
after 7 days of culture; FAG-2 and AG-2 after 14 days of culture; FAG-3 and AG-3 after 21 days of culture. Follicles were examined for size 
measurements using an inverted Leica DM IRB microscope with transmitted light and phase objectives (Leica, Bannockburn, IL, USA). 

for the stimulatory effect of HDFs on follicular growth. 
Nevertheless, this study did not attempt to identify the 
critical factors supporting and stimulating follicle growth 
by testing the extracellular matrix or cytokines secreted by 
HDFs. Therefore, more studies are required to investigate 
which types of HDF-secreted extracellular matrix or 

cytokines in 3D-alginate matrix are involved in regulating 
the initiation of human primordial/primary follicle growth 
during in vitro culture. A previous study also showed 
that the addition of low-dose 1,25-dihydroxy vitamin D3 
(VD3) increased the survival of pre-antral follicles and 
maintained Anti-Mullerian hormone (AMH) production 



Wu et al. Co-culture of fibroblasts and human follicles

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(10):868 | http://dx.doi.org/10.21037/atm-21-2125

Page 8 of 12

FAG-V

FAG-V2
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AG-V1

AG-V2
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Figure 4 Follicular viability under 3D culture systems after 21 days of in vitro culture. The viability of follicles in the fibroblast-alginate 
group (FAG) and the alginate group (AG) after in vitro culture. The first line (FAG-V1, AG-V1) shows follicles under a light microscope. 
The second (FAG-V2, AG-V2) and third (FAG-V3, AG-V3) lines show follicular viability assessed by calcein-AM and ethidium 
homodimer-I (Leica inverted fluorescence microscope). Scale bar: 100 μm.

Table 1 Diameter of follicles cultured under different 3-dimensional culture systems for 21 days

Group No. of follicles 7 days’ culture 14 days’ culture 21 days’ culture

AG 63 64.43±9.68 115.61±11.60 129.14±9.95

FAG 57 71.83±10.32 120.42±8.90 152.80±13.64*

*follicles in the FAG were significantly larger than follicles in the AG after day 21 of culture. FAG, follicles embedded in fibroblast-alginate 
matrix; AG, follicles embedded in alginate matrix. Data are represented as the mean ± SEM.
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by antral follicles, whereas high-dose VD3 improved antral 
follicle growth (44). In future, more studies are needed to 
reveal which factors can enhance the survival and growth 
capabilities of human pre-follicles encapsulated within 
human fibroblast-alginate matrix during culture.

There are reports of BMP15 and GDF9 expression in 
primordial as well as primary follicles (45-49) in humans at 
various developmental ages. Wang and Roy reported that 
recombinant GDF-9 derived from oocytes increased the 
numbers of primary and secondary follicles in ovarian cortical 
samples from humans and rodents in vitro, indicating it to play 
a critical part in the initiation and progression of follicular 
growth (50). Furthermore, BMP-15 has been shown to 
stimulate granulosa cell proliferation in a follicle stimulating 
hormone (FSH)-independent way (51). A previous study 
suggested that GDF9 and BMP15 expression in oocytes of 
patients with polycystic ovary syndrome could not be restored 
to a normal level, even by ovarian stimulation. In the same 
study, these factors were found to have abnormal expression 
patterns during oocyte maturation, which may be related 
to the impairment of oocyte quality and developmental 
competence in polycystic ovary syndrome (52). In the present 
study, the levels of GDF9 and BMP15 in oocytes in the FAG 
were significantly higher than those in the control group 
after 21 days’ in vitro culture, which enabled the culture of 
human follicles within alginate hydrogels. However, the exact 
mechanism of how HDFs increase the expression of GDF9 
and BMP15 in oocytes cultured in alginate hydrogels in vitro 
needs further investigation.

The results of this study show that the technologies of 
human primordial/primary follicles and HDFs in alginate 
gel co-culture systems may benefit young female patients 
with cancer who have undifferentiated status and large 
numbers of primordial follicles in helping to preserve their 
fertility. Theoretically speaking, the presence of ovarian-
derived fibroblasts may be conducive to the development of 
human follicles in vitro. However, the procedure of isolating 
and purifying ovarian-derived fibroblasts is more likely to be 
mixed with tumor cells. The advantages of isolating HDFs 
from healthy human derma are that they are homogenous, 
easy to produce, and commercially available (53). One of 
shortcomings of our research is that the HDFs were derived 
from male skin; in future, it is necessary to establish a 
fibroblast line derived from skin of a healthy female patient 
for the development of follicles in vitro.

In conclusion, our study has revealed that isolated 
human primordial/primary follicles encapsulated in human 
fibroblast-alginate matrix have greater capability to survive 
and grow during culture. However, it should be pointed out 
that the developmental competence of human oocytes from 
follicles was not examined in this study. Therefore, further 
studies are required to investigate the physiology of oocytes 
of human follicles in HDF-alginate matrices.

Table 2 Comparison of cpm of 3H-thymidine incorporation of 
granulosa cell follicles in the fibroblast-alginate group (FAG) and 
alginate group (AG) after culture for 21 days

Group cpm

AG 4.63±0.38

FAG 6.87±0.24*

*fol l icular 3H-thymidine incorporation in the FAG was 
significantly higher than that in the AG (P<0.05). FAG, follicles 
embedded in fibroblast-alginate matrix; AG, follicles embedded 
in alginate matrix.

Table 3 Quantification PCR showed that the abundance of BMP15 
and GDF9 mRNA in oocytes in the fibroblast-alginate group (FAG) 
was significantly higher than that in the alginate group (AG) after 
culture for 21 days

Variable FAG AG P value

BMP15 
mRNA

39.64 (6.60–92.08)a 7.93 (4.76–8.40) <0.05

GDF9 
mRNA

127.36 (47.81–329.64)a 41.42 (4.96–224.06) <0.05

Data are expressed as medians with 25th–75th percentiles in 
parentheses, and comparisons were performed using the Mann-
Whitney U test. aP<0.05, compared with the FAG and AG.
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Figure 5 Proportions of viable follicles in the fibroblast-alginate 
group (FAG) and the alginate group (AG) after culture for 21 days. 
*the viability of follicles in the FAG (96.17%) was significantly 
higher than that in the AG (80.32%) (P<0.05). FAG, follicles 
embedded in fibroblast-alginate matrix; AG, follicles embedded in 
alginate matrix.
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